The insulin minisatellite or variable number of tandem repeats locus (INS VNTR)
INTRODUCTION
The insulin minisatellite or variable number of tandem repeats locus (INS VNTR) is located 596 bp upstream of the insulin gene translation initiation site. It has been associated with susceptibility to type 1 diabetes mellitus (T1DM) (1), type 2 diabetes mellitus (T2DM) (2) , polycystic ovary syndrome (3), obesity (4) and birth size (5) . It is composed of a variable number of variant tandem repeats of 14-15 bp in length based on the consensus sequence 5′-ACAGGGGTGTGGGG-3′ (6) . In white European populations, the minisatellite displays a bimodal allele size distribution with class I alleles (28-44 repeats) and class III alleles (138-159 repeats) at frequencies of ∼70 and ∼30%, respectively (7) . Rare class II alleles are intermediate in size. Class I alleles generally associate with increased susceptibility to T1DM and class III alleles associate with dominant protection (7) .
Previous studies, which identified the insulin minisatellite as the T1DM susceptibility locus, IDDM2, classified alleles either by size or by flanking haplotype. Class III alleles of the insulin minisatellite divide by both haplotype and size into two classes which differ in their levels of associated protection against T1DM, with the Very Protective haplotype (VPH) associating with greater protection against disease than the Protective haplotype (PH) (8) . Division by size also revealed heterogeneity in class I-associated predisposition to T1DM (8) (9) (10) (11) . Notably, the most common allele (allele 814; 42 repeats in length) had a protective effect but only when transmitted from I/III heterozygous fathers (9) . Furthermore, in three independent populations, the homozygous 814/814 genotype did not confer risk to T1DM (9) . This 814-associated protection, conferred exclusively by alleles transmitted from 814/III fathers, is similar to paramutation in lower organisms, an epigenetic effect in which one allele in the parent acts in trans to influence the activity of the other allele in a way that remains following its segregation into offspring (9, 12) .
The effects of the insulin-linked region on susceptibility to T1DM most likely result from variable transcriptional regulation of INS and of the neighbouring gene, insulin-like growth factor II (IGF2) (13) . For example, most class III alleles associate with an increase in insulin gene transcription in the fetal thymus (14, 15) . Insulin and its precursors are the only known β cell-specific proteins, so are major autoantigens in T1DM.
Elevated INS expression could increase T cell tolerance to insulin peptides and so it has been proposed that this class IIIassociated increase in INS expression results in the observed class III-associated protection against T1DM (14, 15) . This transcriptional regulation may be mediated by both the composition and distribution of variant repeats within the minisatellite (10, 16, 17) .
We have previously analysed levels of allele diversity at the insulin minisatellite by typing 876 alleles by minisatellite variant repeat mapping by PCR (MVR-PCR) (18, 19) . These alleles were derived from the parents of 219 T1DM affected sib pair (ASP) families, a subset of the families analysed by Bennett et al. (9) . Here, we have combined MVR code with flanking haplotype to identify ancestral lineages of closely related alleles and have used these lineages to extend previous investigations into the effects of the minisatellite and its haplotypes on susceptibility to T1DM.
RESULTS

Ancestral lineages of the insulin minisatellite
Of the 219 families investigated in this study, 128 had been previously analysed at the single nucleotide polymorphisms (SNP) -2733A/C, -2221MspI, -23HphI, +805DraIII, +1127PstI and +1428FokI and at the tyrosine hydroxylase microsatellite (HUMTH01) 9 kb 5′ of INS (8) . An additional SNP, +3580MspI +/-, located within intron 1 of IGF2 3′ of INS (20) , had been previously typed in some families (8) . Analysis of +3580MspI +/-was extended to include all families allowing haplotypes to be defined over a wider area across the insulinlinked region.
MVR-PCR analysis demonstrated that almost all class III alleles of the insulin minisatellite divide by allele structure into two highly diverged lineages, IIIA and IIIB (Figs 1 and 2) (19; a full list of allele codes is available at http://www.le.ac.uk/ genetics/ajj/insulin ). Integration of genotypes at each polymorphic site with the inheritance patterns defined by MVR code for each family allowed the conversion of genotypes to haplotypes. This analysis showed that lineages IIIA and IIIB correspond exactly to the PH and VPH, respectively. With only one exception, all 169 IIIA and IIIB haplotypes were +3580MspI + . Almost all class I alleles share identical haplotypes between the polymorphisms -2733A/C and +1428FokI (8) , but could be divided by MVR code into two lineages, IC and ID ( Fig. 1) (19) . All class I haplotypes were also +3580MspI + except for a subset of ID alleles. Combining allele structure with the presence (+) or absence (-) of +3580MspI +/-thus defined three class I subgroups: IC+, ID+ and ID- (Figs 1  and 2 ).
To test whether the five classes of the minisatellite correspond to true lineages, we analysed linkage disequilibrium between the minisatellite and HUMTH01. HUMTH01 has five common alleles composed of 6 (allele Z-16) to 10 (allele Z) tandem repeats of a TCAT tetramer (21, 22) . Haplotypes of the five classes of minisatellite were each dominated by a different allele of HUMTH01 (Fig. 3) , confirming that each class represented a distinct ancestral lineage that has retained linkage disequilibrium over a region of at least 9 kb. The greatest breakdown of linkage disequilibrium between the minisatellite and HUMTH01 was within the ID-lineage, where ID-haplotypes were associated with both allele Z-16 (59% of haplotypes) and allele Z (33% of haplotypes) at HUMTH01. Eightynine per cent of all Z/ID-haplotypes shared identical alleles of the insulin minisatellite (allele ID42.4, which represents 94% of all the alleles classified by length as allele 814) (Fig. 1) . Surprisingly, these ID42.4 alleles were linked to both Z-16 and Z alleles of HUMTH01 (40 and 56% of ID42.4 alleles, respec- Variant repeat distribution at the insulin minisatellite. The dispersion patterns of A-(green), B-(red), C-(dark blue), E-(pale blue), F-(yellow) and H-type (pink) repeats plus o-type (black) repeats (unamplifiable repeats due to additional unknown sequence variants) are shown orientated 5′→3′ with the insulin gene to the right. Variant repeat sequences are described, with sites differing from the A-type repeat consensus underlined. Hyphens were inserted to align class I alleles and single representative examples of class IIIA and IIIB alleles are each divided over three lines due to their size. Alleles were assigned by a combination of variant repeat distribution and flanking haplotype to five groups. Allele names reflect allele group, repeat number and a further discriminator; for example allele ID42.4 is the fourth allele with a length of 42 repeats identified in group ID (for purposes of nomenclature, groups ID+ and ID-are combined since the ID+/-subdivision was based on flanking haplotype). Alleles ID40.3 and ID43.9 showed mixed haplotypes with 1/3 and 4/37 of these alleles respectively associated with the presence of the +3580MspI restriction site. A full list of allele structures is available at http://www.le.ac.uk/ genetics/ajj/insulin and structural diversity is described in detail elsewhere (19) . tively), indicating either a mutation event at the microsatellite or, more plausibly given the stepwise mode of microsatellite mutation, a recombination event between HUMTH01 and the insulin minisatellite, most likely between a Z-16/ID42.4 haplotype and a Z/IIIA haplotype. Reduced linkage disequilibrium on the ID-haplotype could therefore be attributed to a single ancient recombination event.
The insulin minisatellite and susceptibility to T1DM
To investigate the effects of each of the five lineage groups on susceptibility to T1DM, transmissions to affected offspring were analysed from I/III and I/I heterozygous parents. The parental III/III genotype was too infrequent for useful analysis.
Transmissions from I/III heterozygous parents
Bennett et al. (9) found class I alleles to be more predisposing to T1DM when transmitted from I/III heterozygous mothers compared with fathers due to the protective effects of allele 814 (42 repeats) when transmitted from 814/III fathers. In this study, we analysed a subset of the ASP families previously investigated by Bennett et al. (9) . As expected, analysis of transmissions using the transmission/disequilibrium test (TDT) (23) found that, whereas class I alleles were transmitted to affected offspring from I/III heterozygous mothers at a frequency significantly greater than 50%, they were not significantly predisposing when transmitted from I/III heterozygous fathers (Table 1) . Surprisingly, analysis of the same transmissions by identity by descent (IBD) did identify linkage of the minisatellite with susceptibility to T1DM for trans- Association of HUMTH01 with the insulin minisatellite. HUMTH01, located 9 kb 5′ of the insulin gene, is composed of 6 (allele Z-16) to 10 (allele Z) TCAT repeats. Each of the five minisatellite subclasses was dominated by a different allele at HUMTH01. The number of haplotypes of each lineage for which information was available on both the minisatellite and HUMTH01 is described.
Table 1. Transmission of insulin minisatellite alleles from I/III heterozygous parents
Transmissions (t) of class I and class III alleles to diabetic offspring were tested for linkage with disease by the transmission/disequilibrium test (TDT) (23) and by analysing identity by descent (IBD). Significance levels for TDT were determined by comparison of transmission frequencies from heterozygous parents to affected offspring and for IBD by comparison of the ratio of alleles shared to not shared by affected sibs, both against a 1:1 ratio with a standard χ 2 test. All significance levels of P < 0.05 are presented. Data are shown for all families containing at least one I/III heterozygous parent (a) and for families where only one parent is a I/III heterozygote (b); the latter ensures independent analysis of maternal and paternal transmissions (28, 29) . Transmission ratio distortion (TRD) has been reported at the insulin-linked region with class I alleles being transmitted to unaffected offspring from I/III heterozygous parents at a frequency of 54% (31) . To correct for the effects of TRD, the TDT data shown in the table were re-analysed against an expected frequency for class I allele transmissions of 54% and IBD re-analysed against an expected frequency for shared alleles of 50.3% (0.54 2 + 0.46 2 ). a denotes the resulting alteration in significance level to P < 0.02.
Test
Maternal missions from both I/III heterozygous mothers (P < 0.002) and fathers (P < 0.02) ( Table 1) . IBD considers co-transmission of any allele to ASPs, whereas TDT considers transmission of specific allele classes to affected offspring. This finding of significant linkage of the minisatellite with susceptibility to T1DM when analysed by IBD but not TDT therefore suggests that for transmissions from I/III heterozygous fathers either some paternally transmitted class I alleles are more protective than class III alleles or the aetiological variant which associates with disease is linked to, but not in linkage disequilibrium with, the insulin minisatellite. To clarify the nature of this difference between maternal and paternal transmissions, the same transmissions were re-analysed following division of either class I or class III alleles into the lineages defined by a combination of minisatellite variant repeat distribution and flanking haplotype.
Subdivision of class III alleles
Three groups have identified subclasses of class III alleles that can be recognized by size and by flanking haplotype (8, 24, 25) and are differentially associated with levels of protection against T1DM, the PH and the VPH. In this study we failed to detect any differences between the levels of protection associated with these classes (data not shown). Since these families are a subset of those used by Bennett et al. (8) , this was presumably due to our smaller sample size. Due to the absence in this subset of families of any detectable heterogeneity between class III allele subgroups, class III alleles in subsequent analyses were treated as a single homogeneous group. Single alleles of the insulin minisatellite have been previously characterized from both the PH and VPH, with marked differences in the composition and distribution of variant repeats demonstrated between the PH and VPH (24, 26, 27) . We have extended these studies to demonstrate that the level of allele diversity within both IIIA (PH) and IIIB (VPH) lineages is low (19) . However, the relationship between the variant repeat composition of alleles and their levels of associated protection against T1DM remains ambiguous.
Subdivision of class I alleles
Class I alleles were divided by a combination of variant repeat distribution and haplotype into the three newly defined ancestral lineages, IC+, ID+ and ID- (Fig. 1) . Variant repeat distribution at the INS VNTR is very similar for ID+ and ID-alleles but differs substantially from IC+ alleles. ID-alleles are the only alleles associated with the absence of the +3580MspI +/-polymorphic restriction site within IGF2, >4 kb downstream of the VNTR. Transmission frequencies of each of the three lineages were analysed from I/III heterozygous parents by the transmission asymmetry test (TAT) (28, 29) (Table 2 ). Previous studies of these families have demonstrated that protection against T1DM associates with class I alleles of 42 repeats in length (allele 814), but only when transmitted from 814/III heterozygous fathers (8, 9) . In the present study, 195/196 alleles of 42 repeats in length were within the ID-lineage and it was anticipated that ID-alleles were likely to be protective when transmitted from ID-/III fathers. No difference was observed between class I allele transmissions from either IC+/III or ID+/III heterozygous mothers and fathers from whom class I alleles were transmitted to affected offspring at frequencies of 61-67%. Similarly, ID-alleles were transmitted from ID-/III mothers at a frequency of 73% and were significantly predisposing to disease (TDT; χ 2 = 9.1, 1df, P < 0.005). In contrast, ID-alleles were not predisposing from ID-/III fathers, being transmitted at a frequency of 41%, significantly lower than the maternal transmission frequency (2 × 2 contingency table; χ 2 = 6.6, 1 df, P < 0.02). Whereas the transmission frequency of 41% is not significantly different from 50%, it does raise the possibility that ID-alleles may be more protective against T1DM than class III alleles transmitted from ID-/III heterozygous fathers. This in turn could contribute to the significant linkage by IBD but not TDT observed for transmissions from all I/III fathers (Table 1) .
To test whether the protective effect of the ID-lineage was a property specifically of allele 814, all ID-alleles were divided into those of 42 repeats (814) and those of other sizes (non-814) and transmissions analysed from ID-/III fathers. Both 814 and non-814 alleles were transmitted to diabetic offspring at frequencies of <50% (45 and 30%, respectively) (data not shown). These transmission frequencies were significantly lower than the mean transmission frequency of 67% seen for class I alleles from all other I/III heterozygous parents (exact P = 0.031 and P = 0.019 for 814 and non-814 alleles, respectively). Although these results are based on a small sample size and must therefore be treated with caution, the data suggest that the protective effect previously associated with allele 814 (9) may not be a property exclusively of allele 814 but instead of all alleles in the ID-lineage irrespective of size.
Levels of protection associated with ID-alleles were indistinguishable between ID-/IIIA and ID-/IIIB fathers (data not shown), indicating that the ID-effect is not significantly modulated by differences between the lineages of the untransmitted class III allele. To test for parent-of-origin effects, transmissions from I/III heterozygous mothers and fathers were compared using a 2 × 2 χ 2 contingency table with Yates' correction as described for the transmission asymmetry test (TAT) (28, 29) , following division of class I alleles into the three ancestral lineage groups. TAT statistics test for significant differences between maternal and paternal transmissions are provided for families with only one I/III heterozygous parent (b). 
Transmissions from I/I heterozygous parents
Analysis of transmission from I/I heterozygous parents by TDT found no heterogeneity between maternal and paternal transmissions from each genotype (Table 3) . Furthermore, there was no evidence for linkage of the minisatellite with disease for transmissions from these parents when analysed by IBD (data not shown), suggesting that all class I alleles transmitted from I/I parents are equally predisposing to T1DM as indicated by previous studies (9) . Only one parental genotype showed any evidence for deviation from 50% transmission, although this was of borderline significance (P = 0.04). This paternal IC+/ID-genotype displayed over-transmission of ID-alleles to diabetic offspring. Therefore, in contrast to transmissions from ID-/III fathers, ID-alleles are not protective when inherited from I/I parents and may even be relatively predisposing on transmission from IC+/ID-fathers, consistent with predisposition being modified by the untransmitted paternal allele (9) .
DISCUSSION
Analysis of variant repeat distribution at the insulin minisatellite combined with flanking haplotype divided the insulinlinked region into five newly defined ancestral lineages: IC+, ID+, ID-, IIIA and IIIB. In general, class I alleles were equally predisposing to T1DM with the exception of ID-alleles transmitted exclusively from ID-/III heterozygous fathers. ID-alleles are typically larger than either ID+ or IC+ alleles (Fig. 2) . A very tight size threshold may therefore exist above which class I alleles transmitted from I/III fathers are protective. Alternatively, protection could be due to variant repeat distribution within the insulin minisatellite. Typically, the protective ID-alleles differ from the predisposing ID+ alleles by the presence of an ABA motif 10 repeats upstream of the end of ID-alleles (Fig. 1) . However, this motif is also present in all IC+ alleles which are predisposing to T1DM. While ID-alleles can be distinguished from IC+ by the presence of a 5′ CAC block, a central FAC block and a 3′ F repeat, these motifs are also present in most ID+ alleles which, in contrast to ID-, are predisposing to disease. There is therefore no consistent difference between repeat type distributions in the protective ID-lineages and both the IC+ and ID+ lineages, suggesting that ID-protection is not mediated by variant repeat composition or distribution. A strong aetiological candidate for ID-protection is therefore the flanking haplotype. All ID-alleles lack the +3580MspI +/-polymorphic site within the first intron of IGF2 >4 kb downstream of the minisatellite, which is present in 99.6% of all other haplotypes. When considered in isolation, this SNP cannot be a candidate for all the effects associated with IDDM2, as in these families the +3580MspI -allele was transmitted from heterozygous parents to affected offspring at a frequency of 54% (P = 0.2) (for families where only one parent is heterozygous) compared with 60% transmission for class I alleles (P < 0.0001). However, all heterogeneity in the effects associated with class I allele susceptibility to T1DM observed in this study could be associated with this single polymorphic site, or to any other polymorphism in linkage disequilibrium with the ID-haplotype, as opposed to variation within the minisatellite itself. This in turn suggests that IDDM2 may have a multi-locus aetiological basis, with the putative effects of the secondary polymorphism depending on both parental genotype and gender.
The deep divergence between the ancestral class I, IIIA and IIIB lineages more generally raises the possibility that multiple and potentially aetiological lineage-restricted polymorphisms have accumulated within the insulin-linked region. However, the insulin minisatellite does remain the strongest candidate for the primary aetiological locus of IDDM2 and differences in repeat-type distribution (Fig. 1) and composition (Table 4) may account for the different effects of the three major line- (Fig. 1) , so repeat distribution may be a more important factor than absolute composition. Methylation within the minisatellite may result in protection against T1DM (10) and imprinting is an obvious mechanism to account for the parent-of-origin effects observed at IDDM2. F-type repeats were the only variant repeats detected in this study which contained potential methylation sites. We found no correlation between the number of F-type repeats within each lineage and levels of protection against disease; for example there was no detectable difference between the effects associated with IC+ (two F repeats) and ID+ (four F repeats) alleles. However, some o-type repeats (repeats not amplified by MVR-PCR due to the presence of unknown repeat unit sequence variants) may contain CpG sites and so in the absence of detailed information on methylation within the minisatellite, a general correlation between levels of methylation and protection against T1DM cannot be excluded. Finally, analysis of allele structures by MVR-PCR allowed the identification of individuals homozygous at the insulin minisatellite for both allele size and structure. More T1DM ASP families in this study had at least one homozygous parent (36/219 families) than families with at least one homozygous offspring (21/219 families) (χ 2 test against an expected 1:1 ratio; χ 2 = 3.95, P < 0.05). The expected number of families with true homozygous parents, derived by Hardy-Weinberg equilibrium from the allele frequency distribution in this cohort, is intermediate between that observed for parents and children (30.6/219 families; data not shown). This result is consistent with previous studies which demonstrated that the homozygous 814/814 genotype was under-represented in three T1DM populations compared with controls due to the protective effect of the common allele 814 (a subset of our ID-lineage) transmitted from 814/III fathers (9). However, if the difference in parent-offspring homozygosity observed in this study was entirely due to the protective effects of the ID-/ID-genotype, only this genotype would be expected to be under-represented in offspring. In contrast, the proportion of all true homozygotes that had the ID-/ID-genotype was indistinguishable between parents and independent offspring (67% in each generation), suggesting that true homozygosity may protect against T1DM, irrespective of genotype. Alternatively, it has been shown that the I/I genotype associates with reduced infant birth size (5). It is possible that true homozygosity may elevate fetal lethality, resulting in the lower frequency of homozygotes in the offspring. However, we cannot exclude the possibility that parental homozygosity may actually predispose to T1DM in offspring, as opposed to homozygosity in offspring being protective against T1DM.
Bennett et al. (9) suggested that the protective effects of allele 814 transmitted from 814/III heterozygous fathers were due to the absence of 'silencing' of 814-associated gene expression in the fetal thymus (14, 15) and that this might be mediated by a paramutagenic interaction between the 814 and class III alleles in the father. Evidence for interaction between alleles has since been found at Ins2, the mouse homologue of the human insulin-linked region (30) . If gene 'silencing' in the offspring was the result of changes in methylation state or chromatin conformation due to DNA-DNA interactions in the parent (12) , this model would predict that elevated parental homozygosity might promote such DNA-DNA interactions, resulting in increased gene 'silencing' and thus susceptibility to T1DM in offspring, potentially accounting for the elevated frequency of true homozygous parents compared with offspring observed in this study. Furthermore, the protective effects of ID-alleles transmitted from ID-/III fathers could relate to heterozygosity specifically in this genotype both at the insulin minisatellite and at the +3580MspI +/-variant, or at any other variant in linkage disequilibrium with +3580MspI +/-. The restriction of ID-protection to transmissions from fathers could be due to gender-specific differences in the identity of the regions involved in DNA-DNA interactions. However, this parent-of-origin effect has not been replicated in an independent family data set and until this is achieved its existence and properties remain speculative.
In summary, deeply divergent ancestral lineages of the insulin-linked region underlie the differential associations of alleles of the insulin minisatellite with susceptibility to T1DM and there is evidence that variation in the flanking haplotype contributes to the overall effects of IDDM2. The very high level of minisatellite lineage divergence raises the possibility that additional lineage-restricted polymorphisms have accumulated in linkage disequilibrium with the minisatellite and may contribute to IDDM2 aetiology. The identification of specific aetiological variants may prove difficult in white populations due to strong linkage disequilibrium and may therefore require the characterization of diversity in the insulin-linked region in additional populations.
MATERIALS AND METHODS
DNA source
The families investigated in this study were a subset of those analysed by Bennett et al. (9) .
Analysis of inheritance patterns
Allele sizes and MVR-PCR codes were determined as described elsewhere (19) . In the majority of families, allele transmission could be analysed by allele size. Inheritance patterns from parents with alleles homozygous by size but heterozygous by MVR code were determined by MVR-PCR analysis of alleles from both parents and offspring. Where one allele was transmitted to both offspring, the identity of the untransmitted allele was defined by MVR code subtraction (18) .
